Abstract. Electrical impedance measurements are used to obtain information about a subject, tissue sample or tissue model under test. There are several ways of obtaining these impedance data and thereafter analysing the data to obtain relevant parameters. This paper shows how a completely isolated drive and receive system using current pulses, as opposed to sine waves, achieves good fitted results with resistor-capacitor Cole phantoms.
Introduction
There are many methods of acquiring impedance data from excised tissue, living subjects and resistor-capacitor phantoms. These range from the simple balanced bridge for excised tissue to the more sophisticated multiple electrode 3D acquisition systems. There are however problems associated with these systems. One such problem is that introduced by the stray capacitance between drive and receive cables. This has been modelled by various groups and it is seen that for small stray capacitances large errors can be formed (Lu et al 1996) . This paper introduces a modified hardware approach using an electrically isolated pulsed current source and electrically isolated voltage measurement circuit. This configuration increases the number of frequencies at which data can be collected, within small measurement periods, whilst reducing the effects of stray capacitance. To verify this technique a commonly used tissue model (single dispersion Cole model, Cole and Cole 1941 ) was fitted to the data.
Method

Current drive
Although not a new concept (Szlavik and Bruin 1996) , the current source drives a bi-phasic pulse waveform as opposed to a range of sine waves (figure 1). The drive circuit is based on balanced Howland current sources supplying two drive electrodes connected to the item under analysis. The frequency spectrum of this waveform (figure 2) has zero DC component.
A further advantage of using a pulsed current source is that the output impedance of the drive circuit can be significantly increased. This is achieved with the addition of switches on the current outputs which can be open circuited when no current is driven. The drive circuit is managed by a crystal controlled microprocessor. This free running, stand alone circuit has an onboard power supply enabling it to be isolated from all other components.
Voltage measurement circuit
The receive circuit consists of one reference and two voltage measurement electrodes. The inputs are amplified differentially using a wide bandwidth amplifier with a gain of 100 before A-to-D conversion at a sample rate of 5 MHz with a resolution of 12 bits. The data are converted into a serial data stream which is transmitted via a fibre optic link to the PC interface unit. The stand alone receive circuit with its own onboard clock and power supply is isolated from all other components. The PC interface unit decodes the incoming serial bits and passes them to the PC for storage as 40 ms frames. The hardware set-up is shown in figure 3 .
Cole model phantoms comprising an extracellular resistance R, in parallel with the series combination of cell membrane capacitance C, and intracellular resistance S, were used to evaluate the hardware performance. The values for the R, S and C components were taken from Lu et al (1996) . The two models with values of extreme characteristic frequency, giving worst case fits, are shown in table 1.
Analysis of sampled data
Parameters relating to the impedance of the tissue or phantom under analysis are obtained from the sampled waveforms using the following process. Firstly the correct timing information is calculated for each individual pulse in the sampled waveform as this is unknown due to the isolation of drive and receive circuits. form a recombined pulse with greater resolution in time. This allows the waveform to be sampled at a higher rate and reveals the leading edge of the pulse which is required in order to obtain the correct phase information at each measurement frequency. Thirdly the resampled waveform is Fourier transformed and compared to calibration data allowing the tissue or phantom impedance to be extracted. Finally the impedance data are fitted to a tissue model for parameter estimation. The above introduction to analysis of sampled data is now explained in more detail. Impedance models are usually fitted to measured impedance data in the frequency domain. The most common way of generating these data is using a sine wave current source, with a range of preselected frequencies, and measuring voltages with a receive circuit. Drive and receive circuits are connected together allowing the magnitude and phase of the impedance from the tissue or phantom under investigation to be extracted at each frequency. If an impulse driven transfer impedance system has this connection maintained between drive and receive circuits then the exact pulse location is known and the correct magnitude and phase of the impedance can be extracted. This is not the case in an isolated system and the exact location of the start of individual pulses is unknown as shown in figure 4. Correct timing information and a higher sampling rate can be achieved by the method described below. Captured pulses at low sample frequency Recombined pulse 
Data format
Using only a small difference between clock frequencies on drive and receive circuits to locate the exact start of each pulse requires a long sample period to observe this difference. This sample time has to be balanced with the need to keep total sample time short in order to reduce the effects from physiological noise when collecting data from human subjects. This can be introduced from many factors, two of which are movement due to respiration and the cardiac cycle. With these factors in mind data are collected in short 40 ms frames which contain 400 pulses, 200 positive interleaved with 200 negative.
Obtaining the difference between clock frequencies on drive and receive circuits
Due to the clock frequency differences each pulse is sampled at a later or earlier time in their portion of the waveform relative to the preceding pulse, as shown in figure 5 . In obtaining the correct clock frequency difference, these pulses can be given corrected time data and set to overlay each other, revealing the rising and falling edges of the pulse and hence correct timing information for pulse location.
Pulse to pulse times of 100 µs give 500 sample points per individual pulse and trailing zeros at the 5 MHz sample frequency. A threshold level is used to locate the start of individual pulses and this allows the remaining 499 sample points from individual pulses to be extracted for analysis. If the clock frequencies on the drive and receive circuit are equal, the number of sample points between pulses is always 500. This situation would not allow the rising edge of the combined pulse to be easily visualized when all pulses are overlaid. This is avoided by setting the drive circuit clock to be slightly faster than that of the receive circuit. Comparing the time location of the sample points relative to the rising edge of the pulse in two consecutive pulses it is seen that all the sample points on the second pulse occur at slightly later times. When the sample points in a pulse are delayed by more than one sample period the first point now becomes the second and it appears that a sample has been missed from the previous pulse data. The resulting number of sample points between each pulse is mainly 500 with the occasional value of 499.
The number of missing sample points over the sampled data will give an approximation to the difference in clock frequencies on the drive and receive circuits, but does not give the exact clock frequency difference. Two sampled waveforms captured where the clock frequency difference is the same may have different numbers of missing sampled points. This will result in two different estimations of clock frequency difference. The estimation of clock frequency difference can be refined by noting that when all the pulses are overlaid with the correct timing information, the first points on each pulse will occur within one sample period. However, due to noise on the voltage waveform, some of the first points on each pulse may have been incorrectly selected and be a sample point too early or too late. The problem of incorrect first point is rectified by considering the first point of all the pulses along with their calculated position, see figure 6. Erroneous pulses are easily relocated. The clock frequency difference is then adjusted until all the first points occur within a period of one sample time. On correct specification of clock difference the data can be plotted, and this is shown in figures 7 and 8 with voltage measured across a resistor and Cole circuit respectively.
Locating the exact start of the reconstructed pulse
Incorrect rising edge location of the combined pulse will lead to phase shift errors in the frequency domain when voltage data in time are Fourier transformed. A timing error on pulse location leads to a phase error which linearly increases with increasing frequency. The start time of the rising edge from the recombined pulse is obtained with manual selection.
Once the correct location has been specified then the pulse can be resampled at a higher sample frequency, >50 MHz, as the combined pulse has increased time resolution. The signal to noise ratio is also improved by averaging as groups of pulses making the final combined pulse will have the same times.
Calibrating the data
The Fourier transform of the resampled voltage waveform contains information about the drive pulse and the biological tissue or phantom under analysis. Absolute impedance can be extracted with reference to a calibration file. A single resistor is placed between the drive and receive circuits which allows the frequency response of the drive and receive circuits to be extracted. Equation (1) shows how the absolute impedance is extracted where the data containing tissue impedance are (Pulse tissue ) and the data containing calibration impedance are (Pulse cal ):
It is also noted that the power in the frequency spectrum of a pulse or pulsatile wave will decrease with increasing frequency from low frequencies to 1/(pulse width). Higher frequencies, at which the input signal power has decreased by 10 dB, are not used in the data analysis stage. The impedance data are fitted to the Cole model, equation (2), where R 1 is the impedance at very high frequency, R 2 is the difference between the impedance at DC and at very high frequency and f c is the characteristic frequency of the tissue or model under analysis. α is the constant that characterizes the Cole distribution function
Fitting of the data is accomplished using a complex non-linear least squares fitting routine operating on equation (2). Data over the range of 10-600 kHz, in steps of 10 kHz, are used and initial estimates of f c , R 1 , R 2 and α for the fitting routine are obtained from the data in this range. The values of R, S and C are calculated from R 1 , R 2 and f c . R is the summation of R 1 and R 2 allowing S to be evaluated using 1/(1/R 1 − 1/R). C is calculated from 1/(2πf c (R + S)). Table 1 shows fitting results from measured data of two tissue types with centre frequencies close to the limits of the measurement frequency range. Fitted results from other tissue phantoms having mid-range centre frequencies around 100 kHz show similar results to those in table 1.
Results
Discussion
The fitted results from measurements made on tissue models show good consistency, with all but one having a standard deviation value of <0.7% of the mean fitted value. A possible explanation for the large standard deviation of S, in the spleen tissue phantom, is the lower signal-to-noise ratio at the higher frequencies. Additionally there are fewer frequency data greater than f c . Since the parametric values are either derived or extrapolated from the slope of frequency data, noisy measurements around f c can significantly affect the value of R 1 and S.
A relationship is seen between values of f c and the absolute error of the calculated mean values in R and S. The low f c of muscle tissue gives a relatively large error in R whereas the high f c of spleen tissue gives a relatively large error in S. These observations are probably due to inaccurate specification of fitting algorithm parameters and/or hardware artefacts. Both theories are currently being investigated.
Waveforms combining pulses of different widths are currently being investigated. This will result in a system having an extended frequency range with increased resolution.
